A pulsed neutron source is used to interrogate a target, producing secondary gammas and neutrons. In order to make good use of the relatively small number of gamma rays that emerge from the system after the neutron flash, our detector system must be both efficient in converting gamma rays to a detectable electronic signal and reasonably large in volume. Isotropic gamma rays are emitted from the target. These signals are converted to light within a large chamber of a liquid scintillator. To provide adequate time-of-flight separation between the gamma and neutron signals, the liquid scintillator is placed meters away from the target under interrogation. An acrylic PMMA (polymethyl methacrylate) light guide directs the emission light from the chamber into a 5-inch-diameter photomultiplier tube. However, this PMMA light guide produces a time delay for much of the light.
INTRODUCTION
Dense plasma focus (DPF) Z-pinch devices are sources of copious high-energy electrons and ions, x-rays, and fusion neutrons. Megajoule-scale DPFs 1,2,3 can generate 10 12 neutrons per pulse in deuterium gas through a combination of thermonuclear and beam-target fusion. Modeling of how the neutrons are produced has been described. 4 Neutrons from the DPF are collimated into target materials. The scattering of these neutrons and neutron-induced gammas are analyzed by high-speed detectors. Fast, efficient scintillators are required to convert the neutrons and gammas into measurable signals. Gammas travel at the speed of light and provide the best signature of the interaction of the DPF flash neutron pulse with the target material. Time of flight distance is used to separate the neutron signals from the gamma signals. This configuration requires our scintillator to be positioned 15 meters away from our target materials. Because the gamma rays are emitted isotropically from the target material after the neutron pulse, only a small number of gammas hit our scintillator. Additionally, fast, scintillator-based detection systems are inherently light starved because fast scintillators are less efficient at emitting light. The process we followed to develop better detector geometries is described. An optical illumination design program was used to optimize the geometry of the optical detector system; we studied both ray counting and time response. It was discovered that the time response is improved by positioning a grid of reflective plates within the liquid chamber. Examples of different detector geometries are given.
RECTANGULAR SCINTILLATOR BOX
A liquid scintillator chamber has been constructed to convert gammas to light. A PMMA (polymethyl methacrylate) light guide directs light from this chamber into a 5-inch-diameter photomultiplier tube (PMT). The shape of the PMMA is rectangular at the scintillator and circular at the PMT. The liquid volume in the rectangular chamber measures 15.75" × 15.75" square by 8.125" deep. Figure 1 shows a photo of a fully assembled system. Figure 2 is a cross-sectional drawing for the inside of this detector system. An illumination design program that produces ray traces is used to model light emitted from a volume source. Optical design programs, which accurately predict image performance, will not work for this application when a large volume emitter is used. From several illumination design programs on the market we chose to use LightTools 5 , which can trace millions of rays from a volume source and measure the detector's efficiency when different optical geometries with varying properties are specified. Diverse optical properties can be applied to the optical elements as well as to their surfaces.
The index of refraction and optical absorption of the materials are assigned in each optical model. The absorption and time of flight for each optical ray traced is calculated as it propagated from its source point into the photocathode. A macro was written to collect the optical path lengths of all rays into a spreadsheet. Within the spreadsheet, the time response is binned in 0.25 ns increments. Analysis testing is then conducted on the time response data by changing reflectivity on surfaces as well as bulk material absorptions.
The original rectangular detector system uses Eljen EJ-510 reflective paint for liquid scintillators. 6 EJ-510 is a bright white paint consisting of titanium dioxide pigment and is primarily intended for the coating of blue-emitting plastic scintillators. The paint is modeled as a 94% Lambertian scatter reflector. This paint is applied to the inside surfaces of the rectangular box as well as on the outside surfaces of the PMMA light guide. The light is collected by a Hamamatsu 7 R4144 PMT detector that has an effective photocathode diameter of 120 mm.
The optical modeling program produces color-coded rays that have similar properties. Ray groups can be sorted by the number of reflections they make. Figure 3 is an example of sorting rays by a few number of reflections compared to all of the rays. The time response of the entire system can be compared to the time response of a selected group of rays. For Figure 3 , analysis was done for a 2-inch-diameter PMT that required an additional PMMA reducing element to reduce the image size. .. The time response of the model shown in Figure 2 is given in Figure 4 . In this optical model all simulated rays from the volume emitter will start at the same time. However, each gamma will interact with a scintillation molecule at a random location within the liquid to produce a point source of light. The transit time of the gammas passing through the volume is ignored. So, the time response axis on the charts has to have ±0.5 ns uncertainty.
6-
Making the bottom of the scintillator box (left side of model shown in Figure 4 ) black absorbing greatly improves the time response at no cost to the initial peak amplitude of the emission. However, it affects the total light collected. Our challenge is to reduce the amplitude of this tail to make a faster detector. It is very important to know the transmission of the liquid scintillator. This affects the calculation of the time tail in the time history of emission collected by the detector. Sometimes this information can be hard to come by and has to be measured after the scintillator material has been received from the vendor. Figure 5 shows measured transmission through 10 cm of two different mixtures of liquid VI. Also shown is the emission spectrum of liquid A. Emission light below 420 nm is heavily attenuated.
Many combinations of surface reflectivity were run using LightTools. PMMA was treated as total internal reflection only, painted black, or with 94% Lambertian reflective paint. Walls of scintillator box were also analyzed for 100% reflectivity, 94% Lambertian reflective paint, or painted black. For all combinations, both time response and collection efficiency of the detector were analyzed. Our goal is to improve on the original rectangular detector system. 
ADDING SLATS TO THE RECTANGULAR BOX
In order to improve the time response of this rectangular detector, slats were modeled that could be inserted into the liquid, thereby creating a matrix of individual light-emitting volumes. Both 3×3 and a 5×5 cell matrices were modeled. Various combinations of reflective paint, absorbing paint, and different amounts of reflectivity were simulated. Figure 6 shows one of these 5×5 cell matrix models. Here, the PMMA surfaces were coated with 94% Lambertian reflective paint, the bottom of the scintillator box was painted black, and the individual cell metal walls were set to 85% reflective. Not all of the rays are shown in this figure, only a sampling of rays from each cell. Only the front window of the PMT is shown. The photocathode is on a curved surface window of this PMT. The shape of one slat is shown on the right side of Figure 6 . Slats are designed to easily retrofit the original vessel.
Light collection efficiency at the PMT was calculated for each of the individual cells and is shown in Figure 7 . The time response history was also calculated for each cell, but is not shown here. The efficiency of the corner cells is not very good. Various combinations of reflective paint, absorbing paint, and different amounts of reflectivity were simulated to try getting more light out of the corner cells. For this example, light collection efficiencies were modeled with a liquid having 90% transmission per 1.5 inch. We were not successful at improving the uniformity of light collection efficiencies. Figure 4 we see an improvement of the impulse time response. However, there is still a small unwanted hump in the time response due to light reflecting from the PMMA back into the liquid cells. The best compromise for time response and light collection was to have the sides of the PMMA painted black for total absorption (Figure 9 ). Here the bottom of the scintillator box and its side wall surfaces are all 94% Lambertian reflective. The slats have 95% reflective mirror walls. 
CYLINDRICAL SCINTILLATOR
Because of the light collection issues with the rectangular scintillator, a cylindrical version was fabricated. A model for this cylindrical liquid VI scintillator vessel was created in LightTools and is shown in Figure 10 . The liquid volume is 10 inches in diameter and 8 inches thick. Scintillating light is emitted through a 3/8″ Pyrex window. A cone-shaped PMMA couples the light into a Hamamatsu R4956 PMT. The walls of the cylinder and its base are painted with Eljen Technology EJ-510 reflective paint. This is modeled as a 94% Lambertian scattering reflector. A photo of this cylindrical scintillator is shown in Figure 11 . Figure 12 shows that the light collection efficiency has improved considerably. Total light collected is 89 mW out of 1 W emitted by the liquid volume. However, much of this light goes into the tail of the time response. Figure 13 shows the effect of replacing the Lambertian reflecting walls with specular mirror reflecting walls. Now the tail in the time response is eliminated. Our light collection efficiency has improved from 14 mW (Figure 9 ) to 43 mW. The tail in the time history is now completely eliminated. 
OPTIMIZING THE GEOMETERY OF A CYLINDRICAL SCINTILLATOR
After the cylindrical geometry modeling was completed, what-if options were considered. Previous analysis had shown that the PMMA should have black absorbing walls. Measurement of liquid VI was 99% per inch. However, the bluest portion of the spectrum is heavily attenuated. The PMMA geometry did not need to be optimized because its walls did not reflect any light towards the photocathode.
The first option was to see how the length of the liquid scintillator affected the light collected by the PMT. Figure 14 graphs light collection efficiency versus length of the liquid volume. The cylinder wall and the bottom of the vessel are 95% specular reflecting. Each data point corresponds to a different geometry of the model. Gammas that pass through the liquid will create a spray of photons emitted from a point source. The length of the liquid volume increases the probability that any gamma will generate this point source. Some gamma will pass through the liquid without generating any light. The light collected has been normalized as light emission per cubic millimeter. Thus, the amount of light emission varies with the liquid volume. This will correctly simulate how the gamma radiation induces the light emission within the volume. The blue curve shows that we could have used a longer liquid volume to gain more light at the detector. However, this would have increased the time response. The red curve shows what happens when the transmission of the liquid drops by 1%.
Next, the transmission of the scintillator was held constant and the wall reflectivity was changed by 5%. Figure 15 shows that precise knowledge of the wall reflectivity is not as important as precise knowledge of the liquid transmission. The blue curve shows 95% wall reflectivity. The red curve 90% wall reflectivity.
The next option was to see how the diameter of the liquid scintillator affected the light collected by the PMT. Figure 16 graphs light collection efficiency versus diameter of the liquid volume. The figure also shows that for the 120 mm diameter Hamamatsu detector used we have optimized the light collection efficiency. It is interesting to note that going from a 254 mm diameter vessel to a 360 mm diameter vessel, the total volume of light generation increases by a factor of two. However, the efficiency of light collected by the PMT drops by a factor of two. This was verified by placing a point source at many discrete locations within the liquid volume. This point source radiated into 4π. The light collection efficiency and its intensity distribution across the PMT was analyzed. This analysis confirms that there is a light collection limit to the useful diameter of the liquid volume. Now that we know that the correct diameter of the liquid has been used, we would like to gain more light. Figure 17 shows how the time response will change when we increase the liquid length by 97 mm. Remember that all light rays emit at the same time, which is different from the actual experiment where there is transit time for the gammas to pass through the liquid. So, the time axis has ±0.25 ns uncertainty. The PMMA absorbs some of the bluest emission from the emission spectrum, as shown in Figure 5 . However, eliminating the PMMA does not add much more light; this is seen in Figure 18 . Figure 18 . Eliminating the PMMA does not increase the light collection significantly.
CONCLUSION
Applying white reflecting paint to all light-reflecting surfaces will increase the total light collection at the detector. However, extra scattered light will arrive at late times. Using many mirror reflectors loses total light collection, but the impulse time response is not affected, and the fastest possible time response for the detector system is achieved.
Before one can optimized the geometry of a liquid scintillator detector, precise knowledge of the different vessel walls reflectivity and the spectral transmission of the liquid scintillator are needed. We have analyzed light collection efficiency and time response for both rectangular and cylindrical vessel designs. We started with a rectangular vessel, added slats to improve time response, and eventually found that the cylindrical vessel design is more efficient. We have optimized the geometry for the 5-inch-diameter photocathode detector. Similar analysis can be done for the more popular 2-inch-diameter detector. However, the 5-inch-diameter detector will collect much more light than the 2-inch version. To get the best possible time response, it is important to minimize all scattering sources from the vessel walls and in the liquid itself.
